Introduction {#s1}
============

Niemann-Pick Type C2 (NPC2) protein is a small soluble glycoprotein that contains a nineteen amino acids signal peptide. The protein was first characterized as a major secretory protein in the human epididymis \[[@B1]\]. NPC2 plays an important role in the regulation of intracellular cholesterol homeostasis via direct binding with free cholesterol \[[@B2]\]. A deficiency in NPC2 results in the accumulation of free cholesterol in the lysosome \[[@B3]\]. Analysis of NPC2 mRNA by Northern blotting has revealed a single transcript of 0.9 kb in all tissues examined, with the highest mRNA levels in the testis, kidney and liver \[[@B4]\]. The mature human NPC2 protein consists of 132 amino acids and is expressed as different isoforms; these vary in size from 19 to 23 kD in a tissue-specific fashion \[[@B5],[@B6]\]. Recently, we showed that NPC2 acts coordinately with glycine N-methyltransferase to regulate hepatic cholesterol homeostasis and fatty liver disease progression \[[@B7]\]. Furthermore, NPC2 is essential for papillae formation and modulates papillary growth \[[@B8]\]. NPC2 is also expressed in alveolar epithelial type II cells from the lung \[[@B9]\]. Since NPC2 negatively regulates ERK1/2 mitogen activated protein kinase (MAPK) phosphorylation in fibroblast cells \[[@B10]\], a disturbance in NPC2 expression may be associated with important human diseases including cancer. However, the expressions of NPC2 in human cancers have not been explored in detail. Therefore, our research goals were (a) to develop a panel of monoclonal antibodies (mAbs) targeted against the NPC2 protein and (b) to characterize their properties and possible clinical applications. By the use of immunohistochemical staining, strong levels of expression of NPC2 were found in the distal and proximal convoluted tubule of kidney and in the hepatocytes of liver. The expression of NPC2 was found to be up-regulated in human breast, colon and lung cancers, while, in contrast, there was down-regulation of NPC2 expression in kidney and liver cancers. Finally, we further demonstrated that the up-regulation of NPC2 is correlated with the status of estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor (HER-2) expression. In addition, dysregulation of sera NPC2 is associated with liver cirrhosis and hepatocellular carcinoma (HCC).

Materials and Methods {#s2}
=====================

Generation of monoclonal antibodies against NPC2 {#s2.1}
------------------------------------------------

To generate a series of mAbs against NPC2, purified GST-NPC2 or purified His-NPC2 ([Figure 1A](#pone-0077586-g001){ref-type="fig"}) recombinant protein (RP) were mixed with Freund's complete adjuvant (for the initial immunization) or incomplete Freund's adjuvant (for the booster injections) (Sigma Co., St. Louis, Mo., USA) and the resultant mixture was used as an immunogen. His-NPC2 RP was used as a screening antigen for antibody arose by GST-NPC2 RP. Mouse mAbs were produced by the hybridoma technique \[[@B11]\]. The hybridomas were dispensed into six 96-well plates and cultured in selected medium \[[@B12]\]. The culture supernatants were screened using an enzyme immunoassay with GST-NPC2 RP and His-NPC2 RP as the antigens. Hybridoma cells that have a high optic density by enzyme immunoassay were confirmed by Western blot assay immediately. Each well of cells that produced a positive result was sub-cloned into a 96-well plate with a cell density of 0.5 cell per well. Resulting single clones with a positive result were then inoculated at a dosage of 2 x 10^6^ into a BALB/c mouse that had been primed with 0.5 ml of incomplete adjuvent (Sigma) previously. Monoclonal antibody was purified from the mouse ascetic fluid using protein G plus protein A Agrose (Calbiochem, San Diego, CA, USA) and then concentrated by Vivaspin 20 (GE Healthcare). The isotype of each mAb was determined using Mouse Monoclonal Antibody Isotyping Reagents (Sigma).

![Development of NPC2 monoclonal antibodies.\
(A) Construction of the expression plasmids of GST-NPC2 and His-NPC2. (B) Bacterial NPC2 fusion proteins were expressed in BL21 cells and then induced using 1 mM IPTG. SDS-PAGE and Coomassie blue staining were used to show the molecular weights of the two proteins were approximately 43.3 kD for GST-NPC2 and 17 kD for His-NPC2. (C) Western blot analysis using the mAbs (14-8D, 5-5B, 5-4B, 4-12C, 3-6B, 2-7D, 1-5B and 1-2G) against GST-NPC2 and His-NPC2. (D) Western blot analysis using the mAbs against mouse epididymis.](pone.0077586.g001){#pone-0077586-g001}

Cells and plasmids {#s2.2}
------------------

SK-Hep1 cells, purchased from ATCC, were cultured in DMEM (Gibco BRL, Grand Island, NY) with 10% heat-inactivated fetal bovine serum (HyClone, Logan, UT, USA), penicillin (100 U/ml), streptomycin (100 μg/ml), nonessential amino acids (0.1 mM), and L-glutamine (2 mM) in a humidified incubator with 5% CO~2~. Plasmid DNA was transfected using TurboFect™ Reagent (Fermentas, Hanover, MD, USA). The primer sequences and restriction enzymes used for the full-length and different lengths of human NPC2 genes have been previously descried by Liao, et al \[[@B7]\]. Plasmid encoding shRNA for NPC2 (TRCN0000029323) was obtained from the National RNAi Core Facility (Academia Sinica, Taiwan).

Human samples {#s2.3}
-------------

The HCC tissue slides (n=50) and sera (n=165) were obtained from the Taiwan Liver Cancer Network (TLCN) and Taipei City Hospital. The clinical features of these patients are shown in [Table S1](#pone.0077586.s001){ref-type="supplementary-material"} and [Table S2](#pone.0077586.s002){ref-type="supplementary-material"}. Healthy control and patients with chronic hepatitis infection, fatty liver, cirrhosis and HCC had been recruited between 2008 and 2010 from the Department of International Medicine, Taipei City Hospital, Ran-Ai Branch, Taipei, Taiwan and TLCN. Total 33 invasive breast cancer subjects were identified in the Kaohsiung Municipal Ta-Tung Hospital. We processed all tissue samples under the same conditions. The Ethics Committee of the Institutional Review Board of National Yang-Ming University (IRB No. 1000041) and Taipei City Hospital Institutional Review Board (IRB No. TCHIRB980509) approved the clinical investigations, and all subjects gave written informed consent. Diagnosis of HCC was confirmed by histological examination. The breast (BR721), colon (CO803), lung (LC1006), kidney (KD991), multiple cancer (BCN721), multiple diseases of liver (LV1201) and liver cirrhosis and hepatitis (LV805) tissues arrays were purchased from Biomax, US. Clinical and pathological information on the individual cancer samples are available and were obtained from the array manufacturer.

Peptide screening, Western blotting and immunohistochemical (IHC) staining {#s2.4}
--------------------------------------------------------------------------

An ELISA plate coated with peptides was used to map epitopes of the various anti-NPC2 mAbs. These peptides (each with a length of 10 a.a.) covered the complete length of the 1-40 a.a. region of the NPC2 protein. For Western blotting, cellular or mouse epididymis proteins were separated by SDS-PAGE. phospho-ERK1/2 and ERK1/2; phospho-p38 and p38; phospho-JNK and JNK were purchased from Cell Signaling Technology (Beverly, MA, USA). Immunoblotting signals were normalized using α-tubulin or β-actin and quantified by densitometric scanning. IHC detection of the NPC2 protein was performed using NPC2 monoclonal Ab (3-6B) at a dilution of 1:200 \[[@B7]\]. Paraffin-embedded tissue sections were incubated with the primary antibody and detected using Universal LSAB^TM^2 kit (DakoCytomation) according to the manufacturer's instructions.

Antigen-capture enzyme immunoassay ELISA {#s2.5}
----------------------------------------

Briefly, 100 µl of polyclonal NPC2 antibody (5 µg/ml) in 0.1 M carbonate buffer (pH 9.6) were added to each well of a 96-well microtiter plate (Corning Costar, Acton, MA) and incubated at 4°C overnight. Then, blocking with 5% BSA in PBST (PBS buffer containing 0.05% Tween) at 37°C for 2hrs. Each patient's serum (100 µl at a 1:1 dilution) was added to 96 well-plates and incubated at 37°C for 1hr. After three extensive washings with PBST, monoclonal NPC2 antibody (1:1000 dilution) was added and incubated at 37°C for 1hr, followed by incubation with 200 µl substrate (0.015% o-phenylenediamine dihydrochloride) (Sigma-Aldrich) for another 30 min at 37°C. Reactions were stopped by the addition of 3N HCl; absorbance was measured with a spectrophotometer at 490 nm.

Glycosidase Digestion {#s2.6}
---------------------

Sixty micrograms of liver proteins from human sera were incubated with or without N-glycosidase F (PNGase F) according to the manufacturer's instruction (NE Biolabs, Beverly, MA). The reaction products were subjected to western blot analysis.

Statistical analyses {#s2.7}
--------------------

Chi-square goodness of fit, nonparametric Wilcoxon Signed Ranks test or Mann-Whitney U test were used to evaluate the association between NPC2 expression and clinical diseases. A *p* value of ≦0.05 was considered to be statistically significant.

Results {#s3}
=======

Generation and characterization of mAbs against NPC2 {#s3.1}
----------------------------------------------------

In order to develop NPC2 mAbs that will detect NPC2 expression in different cell lines and tissues, we initially cloned a full NPC2 fragment and expressed the GST-NPC2 and His-NPC2 fusion proteins in a bacterial system ([Figure 1A](#pone-0077586-g001){ref-type="fig"}). As shown in [Figure 1B](#pone-0077586-g001){ref-type="fig"}, the GST-NPC2 and His-NPC2 recombinant proteins, with sizes of 43.3 and 17 kD, respectively, appeared in the IPTG-induced bacterial lysates. The purified GST-NPC2 and His-NPC2 recombinant proteins were used as the antigens during the generation of mAbs against NPC2. In total, eight mAbs (14-8D, 5-5B, 5-4B, 4-12C, 3-6B, 2-7B, 1-5B and 1-2G) were eventually generated and found to react with the GST-NPC2 and His-NPC2 recombinant proteins ([Figure 1C](#pone-0077586-g001){ref-type="fig"}). Since NPC2 is a major secretory protein expressed in epididymal fluid \[[@B1]\], we applied our NPC2 mAbs to detect NPC2 expression in mouse epididymis using Western blotting. As shown in [Figure 1D](#pone-0077586-g001){ref-type="fig"}, NPC2 was detected in total epididymis extracts as protein bands of approximately 16 to 22 kD. Isotype determination identified all mAbs as belonging to the IgG2a isotype and their light chains were identified as κ chains.

To map the reactive region recognized by the NPC2 mAbs, we transfected a separate set of plasmids expressing different lengths of NPC2-HA (including full-length NPC2 \[1-151 a.a.\], domain A and B \[1-80 a.a.\], domain B and C \[40-105 a.a.\], and domain C and D \[81-151 a.a.\]) for 24 hrs. As shown in [Figure 2A](#pone-0077586-g002){ref-type="fig"}, all eight NPC2 mAbs can recognize full length and the N-terminal half (1-80 a.a.) of pNPC2-HA. While, fragments containing the 41-105 a.a. region of NPC2 and the C-terminal half (81-151 a.a.) of NPC2 did not react with the NPC2 mAbs. These findings suggest that all of the NPC2 mAbs recognize amino acids 1-40 of NPC2 protein. To further map the reactive epitopes recognized by the NPC2 mAbs, an ELISA was performed using a peptide panel consisting of four peptides covering the amino acids 1-40 of NPC2 protein. Our results indicate that only one peptide (amino acids 31-40) was recognized by six of the selected NPC2 mAbs (14-8D, 5-4B, 3-6B, 2-7B, 1-5B and 1-2G) ([Figure 2B](#pone-0077586-g002){ref-type="fig"}). As shown in [Figure 2C](#pone-0077586-g002){ref-type="fig"}, the sensitivity and specificity of the NPC2 mAbs (3-6B, 14-8D, 5-4B and 2-7B) were then detected using SK-Hep1 cells transfected with or without shNPC2. Among these NPC2 mAbs, we selected one NPC2 mAb (3-6B) as the best for the further research and use in clinical applications.

![Characterization of NPC2 monoclonal antibodies.\
(A) Epitope region mapping of the monoclonal NPC2 antibodies. Different length of pNPC2-HA including full-length pNPC2-HA, N-terminal half (1-80 a.a.), C-terminal half (81-151 a.a.) and 41-105 a.a. were transfected into 293T cells and 24 hrs later were harvested for Western blot analysis. Lane 1, 1-2G; Land 2, 1-5B; Lane 3, 2-7B; Lane 4, 3-6B; Lane 5, mAb-HA; Lane 6, 4-12C; Lane 7, 5-4B, Lane 8, 5-5B; Lane 9, 14-8D. (B) An ELISA plate coated with four peptides covering the 1-40 a.a. region of NPC2 protein was used for epitope mapping. Representative results from the mAbs (14-8D, 5-4B, 3-6B, 2-7D, 1-5B and 1-2G) are shown. (C) The knockdown effect of shNPC2 on SK-Hep1 cells was detected using anti-NPC2 mAbs (3-6B, 14-8D, 5-4B and 2-7B).](pone.0077586.g002){#pone-0077586-g002}

Differential expression of NPC2 in human normal and tumor tissues {#s3.2}
-----------------------------------------------------------------

In order to investigate the clinical application of NPC2 mAb, we detected the expression of NPC2 in various normal and cancer tissues using IHC staining. Normal esophageal, uterine cervical, pancreatic, stomach, breast, colon and lung tissue showed moderate to weak intensity NPC2 staining ([Figures 3A and 3C](#pone-0077586-g003){ref-type="fig"}). As shown in [Figure 3B](#pone-0077586-g003){ref-type="fig"}, strong expression of NPC2 was found in normal hepatocytes of liver. In kidney, NPC2 was expressed both in the distal and proximal convoluted tubule, but not in the glomerulus ([Figure 3B](#pone-0077586-g003){ref-type="fig"}).

![IHC staining of NPC2 protein expression in paired human tumor tissue samples and their normal counterparts.\
Magnification: 200x. (A) NPC2 was up-regulated in breast, colon and lung tumor samples. (B) NPC2 was down-regulated in kidney and liver tumor samples. (C) The expression of NPC2 remained unchanged in the pancreatic, esophageal, uterine cervical and stomach tissue sample pairs.](pone.0077586.g003){#pone-0077586-g003}

Comparison between these normal tissues (N) and their corresponding tumor tissues (T) was carried out and it was found that NPC2 was significantly up-regulated in breast, colon and lung cancers ([Figure 3A](#pone-0077586-g003){ref-type="fig"}). Among the 23 pairs of breast tumor and normal tissues tested, 18 (78%) of the tumor tissues showed higher NPC2 expression levels than their normal tissues (*p*\<0.0001, [Table 1](#pone-0077586-t001){ref-type="table"}). Out of 44 matched non-small cell lung carcinoma pairs, 30 tumor tissue samples (68%) had greater NPC2 expression than their normal counterparts (*p*=0.02, [Table 1](#pone-0077586-t001){ref-type="table"}). In contrast, NPC2 was significantly down-regulated in renal cell carcinoma and liver cancer ([Figure 3B](#pone-0077586-g003){ref-type="fig"}). Among 33 pairs of kidney tumor and normal tissues, 31 (94%) tumor tissue samples had a much lower NPC2 expression than the equivalent normal tissue sample (*p*\<0.0001, [Table 1](#pone-0077586-t001){ref-type="table"}). Among 50 matched liver tumor tissue and tumor-adjacent tissue pairs, 36 tumor tissue samples (72%) showed much lower NPC2 expression than their tumor-adjacent tissue sample (*p*=0.02, [Table 1](#pone-0077586-t001){ref-type="table"}). However, there were no difference between normal and cancer tissue samples for carcinoma of the esophagus, uterine cervix, pancreas, and stomach ([Figure 3C](#pone-0077586-g003){ref-type="fig"}). Taken together, these results indicated that aberrant expression of NPC2 is associated with different cancers and that the change in expression may be either up or down depending on the tissue.

10.1371/journal.pone.0077586.t001

###### Immunohistochemistry results of NPC2 expression in human breast, colon, lung, kidney and liver cancer paired tissues.

  **Cancers**                     **T\>N n (%**)   **T=N n (%)**   **T\<N n (%)**   ***p* value**
  ------------------------------- ---------------- --------------- ---------------- ---------------
  **Increase in tumor tissues**                                                     
  Breast (n=23)                   18 (78%)         4 (17%)         1 (4%)           \<0.0001
  Colon (n=38)                    18 (47%)         14 (37%)        6 (16%)          0.0523
  Lung^\#^ (n=44)                 30 (68%)         5 (11%)         9 (20%)          0.02
  **Decrease in tumor tissues**                                                     
  Kidney (n=33)                   2 (6%)           0               31 (94%)         \<0.0001
  Liver (n=50)                    2 (4%)           12 (24%)        36 (72%)         0.02

T, tumor tissues; N, normal tissues; ^\#^, Non-small cell lung carcinoma.

Relationship between NPC2 expression and the status of ER, PR and HER-2 {#s3.3}
-----------------------------------------------------------------------

Regarding to breast cancer, we further collected 33 invasive breast cancer subjects identified in the Kaohsiung Municipal Ta-Tung Hospital and analyzed the relationship between NPC2 expression and clinicopathological characteristics. Among 33 patients, 18 (54.5%) tumor tissue samples had a much higher NPC2 expression than the equivalent normal tissue sample (*p*=0.002, [Table 2](#pone-0077586-t002){ref-type="table"}). Subjects with NPC2 up-regulation were more likely to have a later pathology stage (*p*=0.018), ER(-) (*p*=0.007), PR(-) (*p*=0.005), HER-2(+) (*p*=0.006), ER(-) plus PR(-) (*p*=0.011) and ER/PR(-) plus HER-2(+) (*p*=0.011).

10.1371/journal.pone.0077586.t002

###### NPC2 expression and clinicopathological characteristics of breast cancer patients.

                       **Total**   **T\>N n (%)**   **T=N n (%)**   **T\<N n (%)**   ***p* value**
  -------------------- ----------- ---------------- --------------- ---------------- ---------------
  Total patients       33          18 (55%)         13 (39%)        2 (6%)           0.002
  TNM stage                                                                          
  I                    9           5 (56%)          4 (44%)         0                0.043
  II                   16          6 (38%)          8 (50%)         2 (12%)          0.233
  III                  8           7 (88%)          1 (12%)         0                0.018
  ER                                                                                 
  Positive             20          9 (45%)          9 (45%)         2 (10%)          0.090
  Negative             13          9 (69%)          4 (31%)         0                0.007
  PR                                                                                 
  Positive             18          8 (44%)          8 (44%)         2 (11%)          0.092
  Negative             15          10 (67%)         5 (33%)         0                0.005
  HER-2 Score                                                                        
  Positive (3)         20          12 (60%)         7 (35%)         1 (5%)           0.006
  Negative (0-2)       13          6 (46%)          6 (46%)         1 (8%)           0.091
  Combination                                                                        
  ER(+), PR(+)         16          7 (44%)          7 (44%)         2 (12%)          0.171
  ER(+), PR(-)         4           2 (50%)          2 (50%)         0                0.180
  ER(-), PR(+)         2           1 (50%)          1 (50%)         0                0.317
  ER(-), PR(-)         11          8 (73%)          3 (27%)         0                0.011
  ER/PR(+), HER-2(+)   9           4 (44%)          4 (44%)         1 (11%)          0.076
  ER/PR(+), HER-2(-)   13          6 (46%)          6 (46%)         1 (8%)           0.091
  ER/PR(-), HER-2(+)   11          8 (73%)          3 (27%)         0                0.011
  ER/PR(-), HER-2(-)   0           0                0               0                N/A

T, tumor tissues; N, normal tissues; ER, estrogen receptor; PR, progesterone receptor; HER-2, human epidermal growth factor receptor 2; (+), positive; (-), negative.

Dysregulation of NPC2 expression in human cirrhosis and HCC {#s3.4}
-----------------------------------------------------------

Since liver is the main source of plasma and biliary NPC2 \[[@B13]\], we next examined whether serum NPC2 level can be used as a novel biomarker for liver diseases. We measured the amount of serum NPC2 level from 42 healthy controls, 20 patients with HBV chronic infection, 2 patients with HCV chronic infection, 27 patients with fatty liver, 28 patients with cirrhosis and 46 HCC using an ELISA ([Figure 4A](#pone-0077586-g004){ref-type="fig"}). The levels of NPC2 in groups with healthy control, chronic HBV infection, chronic HCV infection, fatty liver, cirrhosis and HCC were 3.29 ± 1.43 ng/ml, 4.51 ± 1.88 ng/ml, 9.66 ng/ml (maximum value, 15.81 and minimum value, 3.504), 7.49 ± 2.30 ng/ml, 15.30 ± 2.02 ng/ml and 7.26 ± 2.11 ng/ml, respectively. As shown in [Figure 4A](#pone-0077586-g004){ref-type="fig"}, the levels of NPC2 were no difference between healthy control, chronic hepatitis (HBV and HCV) infection and patients with fatty liver disease. Importantly, patients with cirrhosis and HCC had significantly higher levels of NPC2 than healthy controls. On the other hand, the IHC staining demonstrated that NPC2 was significantly down-regulated in cirrhosis tissues, while there was no difference between normal and hepatitis tissues ([Figures 4B and 4C](#pone-0077586-g004){ref-type="fig"}).

![Dysregulation of NPC2 is associated with cirrhosis and HCC.\
(A) ELISA analysis of serum NPC2 levels in 42 healthy controls, 20 patients with chronic HBV infection, 2 patients with chronic HCV infection, 27 patients with fatty liver, 28 cirrhosis and 46 HCC patients. (B) IHC staining of NPC2 protein expression in normal, chronic hepatitis and cirrhosis tissues. (C) IHC analysis of hepatic NPC2 expression in 44 normal, 21 chronic hepatitis and 60 cirrhosis tissue samples (\*, *p*\<0.05, Mann-Whitney U test). (D) Human sera (60 μg) were incubated with peptide N-glycosidase F (PNGase F) and subjected to Western blot analysis. (E) Western blot analysis of serum NPC2 expression in 14 healthy controls, 7 fatty liver, 4 cirrhosis and 4 HCC patients. Each line was loaded 100 µg protein.](pone.0077586.g004){#pone-0077586-g004}

Since N-glycosylation is important for the proper targeting and function of NPC2 \[[@B14]\], we next used PNGase F digestion to confirm whether serum NPC2 protein heterogeneity is due to post-translational glycosylation modification. After PNGase F treatment, NPC2 was visualized as a single immunoreactive band ([Figure 4D](#pone-0077586-g004){ref-type="fig"}). To further examined whether glycosylated form of NPC2 is associated with liver cancer progression, serum samples were subjected to western blotting analysis. Glycosylated and nascent NPC2 were expressed at a ratio of 1:1 in normal human sera ([Figure 4E](#pone-0077586-g004){ref-type="fig"}). Interestingly, although we did not find any difference in serum NPC2 expression between healthy and fatty liver patients, glycosylated NPC2 expression was the major form in both cirrhosis and HCC patients ([Figure 4E](#pone-0077586-g004){ref-type="fig"}). These data suggested that the amounts and the changes of glycosylated pattern of NPC2 are associated with cirrhosis and HCC development.

Effects of NPC2 on MAPK signaling {#s3.5}
---------------------------------

To identify the NPC2-dependent mechanism, we emphasized on the status of MAPK signaling. As shown in [Figure 5](#pone-0077586-g005){ref-type="fig"}, sustained phosphorylation of ERK1/2 has been observed in NPC2 knockdown cells. However, p38 and JNK did not activate in NPC2 knockdown cells.

![The effects of NPC2 on MAPK signaling.\
Total and phosphorylated ERK1/2, p38, JNK were detected by Western blotting from the SK-hep1 cells. Knockdown of NPC2 results in activation of ERK1/2.](pone.0077586.g005){#pone-0077586-g005}

Discussion {#s4}
==========

NPC2 protein binds with free cholesterol and controls the intracellular cholesterol homeostasis \[[@B2]\]. Mutation of the NPC2 gene results in cholesterol accumulation in the late endosomal/lysosomal compartment of cell \[[@B6]\]. However, the roles of NPC2 expression in human cancers are not fully understood notwithstanding its known role in cholesterol binding. In this study, we generated and characterized a number of NPC2 mAbs and then assessed their immunoreactivity using multiple tumor tissue arrays. From the epitope mapping data, we found that the NPC2 mAbs targeted amino acid residues 31-40 of the human NPC2 protein ([Figure 2B](#pone-0077586-g002){ref-type="fig"}). Since amino acid residues 31-40 are highly conserved among various mammalian orthologs \[[@B2]\], these NPC2 mAbs should be helpfully when carrying out research on the role of NPC2 in a wide range of mammalian species in the future. The sensitivity and specificity of NPC2 mAbs was evaluated by knock-down of NPC2 protein in SK-Hep1 cells ([Figure 2C](#pone-0077586-g002){ref-type="fig"}).

The IHC staining showed that NPC2 expression was increased in breast, colon and lung cancers ([Figure 3A](#pone-0077586-g003){ref-type="fig"}). Since strong expression of NPC2 is observed in human intraductal breast papilloma, colon polyps, lung papillary carcinoma and ovarian fimbria \[[@B8],[@B15]\], NPC2 protein may contribute to papillae formation. Epidemiological studies demonstrated that HER-2 subtype \[HER-2(+), ER(-), and PR(-)\] and triple negative \[HER-2(-), ER(-), and PR(-)\] had the worst survival, poor prognosis and higher locoregional recurrence \[[@B16]-[@B19]\]. Our study found that NPC2 over-expression is associated with HER-2 subtype ([Table 2](#pone-0077586-t002){ref-type="table"}), which suggests that NPC2 up-regulation may be a favorable prognosis predictor for breast cancer.

Cholesterol homeostasis is important to lamellar bodies of lung alveolar type II cells that serve to produce surfactant. NPC2 protein is present in the lung alveolar type II cells and alveolar macrophages and regulates surfactant cholesterol content \[[@B9],[@B20]\]. Our findings showed that NPC2 is enhanced in lung adenocarcinoma tissue ([Figure 3A](#pone-0077586-g003){ref-type="fig"}). Proteomics analysis has also demonstrated that expression of NPC2 is increased in lung adenoma and pleural effusion \[[@B21],[@B22]\]. Although it is not clear yet if NPC2 plays a role in lung adenocarcinoma, the presence of NPC2 protein in pleural effusion of patients with lung adenocarcinoma suggests that it may have a use as a potential diagnostic marker for lung cancer.

Reduced expression of NPC2 was specifically observed in kidney and liver tumor tissues, compared to their normal counterparts. Since NPC2 knockdown fibroblast cells have been shown a sustained phosphorylation of ERK1/2 MAPK \[[@B10]\], NPC2 may negatively regulate ERK1/2 MAPK activation. Indeed, the activation of ERK1/2 was observed in the NPC2 knockdown SK-hep1 cells ([Figure 5](#pone-0077586-g005){ref-type="fig"}). Regarding the effect of NPC2 replacement therapy in NPC2-/- mice, it was found that hepatic macrophage infiltration and the number of fat-laden cells were significantly improved \[[@B23]\]. Since lipid accumulation and subsequently inflammation accelerate the progression of cirrhosis and liver cancer \[[@B24],[@B25]\], NPC2 administration may ameliorate the liver cancer development. Since liver is the main source of plasma and biliary NPC2 \[[@B13]\], the increase of sera NPC2 in cirrhosis and HCC patients may related to the severe damage of hepatocytes. In the present study we also observed changes in glycosylated NPC2 expression patterns in the sera of both cirrhosis and HCC patients, suggesting that such changes may serve as an indicator of liver cirrhosis and cancer. N-glycosylation is important for the proper targeting and function of NPC2 \[[@B14]\]. Further study is needed to clarify the roles of glycosylated NPC2 using more cirrhosis and HCC cases.

In the kidneys, NPC2 is abundantly express in distal and proximal convoluted tubule ([Figure 3B](#pone-0077586-g003){ref-type="fig"}). Since NPC2 is up-regulated in kidney tissues from Dahl salt-sensitive rat given a high-salt diet \[[@B26]\], it has been suggested that NPC2 might regulate sodium reabsorption in the nephron. Nevertheless, the functional relevance of NPC2 in renal cell carcinoma remains unclear and further studies are needed to elucidate the role of NPC2 in kidney, both physiologically and pathologically.

Our findings indicated that our NPC2 monoclonal antibody has potentially useful applications in the areas of clinical diagnosis and cancer progression across multiple tissues.
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